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ABSTRACT: Thermal and electrical behaviors of a poly(epoxy) coating with high electrical conductivity used for aeronautic applications
are investigated. The poly(epoxy) used is designed for resin transfer molding (RTM) applications, it have a low viscosity at room tem-
perature (around 1 Pa s) and a high Tg (>160 C). This study details the inﬂuence of silver nanowires with a high aspect ratio, on the
thermal behavior such as the relative degree of reaction α and the kinetics parameters thanks to dynamic and isothermal differential
scanning calorimetry. Conductivity measurements of surface and volume have permitted to determine a very low percolation threshold
at around 0.7% in volume. The value of electrical conductivity above the percolation threshold is upper than 102 S m−1 and the lowest
surface resistivity was measured around 13 mΩ sq−1 both for 8% in volume of AgNWs. This kind of coating has a great interest for
lightning strike protection of aircraft parts due to the high electrical conductivity obtained with a low overweight. © 2018 Wiley Periodicals,
Inc. J. Appl. Polym. Sci. 2018, 135, 46829.
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and induces a slight overweight of the composite parts. Another
way is the introduction of metallic ﬁllers in the polymer matrix.
Gurland 14 has made an experimental dispersion of silver parti-
cles in polymer matrix. The electrical conductivity level was
about 103 S m−1 for 40% in volume. This high ratio of ﬁllers
drastically reduces the mechanical properties and increases the
weight. Different kinds of metals were tested like gold, copper,
and nickel.15–21 The level of conductivity with metallic ﬁllers, dis-
persed homogeneously is about 102 S m−1. Following the CNT
example, the increase of the aspect ratio has permitted to reduce
the percolation threshold, to obtain a conductive behavior and to
keep mechanical properties of the matrix.22–25
The aim of this work is to study the inﬂuence of 1D metallic ﬁller
on the epoxy matrix polymerization kinetic. This 3D thermoset is
used to develop a high electrical conductive coating for low ﬁller
content (<8% vol) to be used for electric charges dissipation on
aeronautical surface parts. First, the inﬂuence of stoichiometric
ratio between hardener and resin on the relative degree of con-
version and on the polymerization kinetic is studied for different
storage temperatures. Then, experimentations were carried out to
determine the inﬂuence of metallic ﬁllers on these parameters. To
conclude a study of the electrical behavior of this composite as a
function of metallic ﬁller ratio was proposed.
INTRODUCTION
During the last decades, the use of polymer matrix composites in 
the aeronautic sector is in steady increase.1 Thermoset matrices 
are widely used for structural applications.2 Carbon ﬁber rein-
forced polymers (CFRPs) have a poor electrical conductivity, 
about 10−2 S m−1,3 versus 108 S m−1 for an aluminum part. In 
case of lightning strike, the structure could be damaged, and so 
the actual challenge is to improve the conductivity of CFRP. The 
ﬁrst approach was the introduction of carbon ﬁllers in polymeric 
matrix. In the case of carbon black,4 the amount to obtain perco-
lation threshold is about 15% in volume which decreases 
mechanical properties. Sandler et al.,5 Barrau et al.,6 and Causse 
et al.7 have introduced carbon nanotubes (CNTs) in epoxy poly-
mer matrix. They obtained a percolation threshold about 0.03%
in volume allowing them to preserve the mechanical properties. 
Graphene is also used to obtain a percolation threshold below 1%
in volume.8,9 Independently of the morphology, the best electrical 
conductivity value is about 10−1 S m−1 due to the chemical nature 
of the carbon ﬁller.10 The bulk conductivity of carbon is around 
105 S m−1. This value is enough to dissipate electrostatic charges 
but not for a lightning strike (up to 200 kA).11 Today, an 
expended cooper foil is applied on the top of structural plies.12,13 
This solution is complex to process due to the rigidity of the foil
EXPERIMENTAL
Matrix
The epoxy matrix used in this study is a mixture of 4,40-methyle-
nebis(N,N-diglycidylaniline, diglycidyl ether of bisphenol A
(DGEBA), and diglycidyl ether of bisphenol-F. The amine hard-
ener is composed by a diethyltoluenediamine and a 1,2 diamino-
cyclohexane supplied by Sicomin for RTM structural
applications.
Nanowires
The aim is to develop a highly conductive coating with low ﬁller
ratio: that is, less than 8% in volume. This value is the limit for a
spraying process. Metallic ﬁllers are silver nanowires (AgNWs),
ﬁrst developed by Sun et al.26,27 and then Wiley et al.28 AgNWs
are synthesized with a polyol process by reducing AgNO3 with
ethylene glycol solution. The growth is assisted by
poly(vinylpyrrolidone) which is preferentially adsorbed on {100}
crystal faces of the silver seeds. The reaction occurs at 165 C
under stirring in three-necked round-bottom ﬂask during
40 min. The ratio between the reactants was adapted.24,25
AgNWs are washed and stored in ethanol and the aspect ratio is
around 220 (about 40 μm in length and 180 nm in diameter).25
This method allows us to obtain large quantity up to 100 g.
Composite Processing
Composites were obtained by mixing AgNWs dispersed in etha-
nol in the epoxy part. The mixture is heated up to evaporate the
ethanol during 20 min at 100 C. After cooling at room tempera-
ture, the hardener is poured. The mixing was obtained by
mechanical and ultrasonic stirring for few minute. The mixture is
usually cured by different steps between 40 and 200 C.
The AgNWs content is determined by thermogravimetric analysis
(TGA) from room temperature to 1000 C at a heating rate of
20 C min−1 under synthetic air atmosphere.
Scanning Electron Microscopy
The quality of the dispersion is checked by scanning electronic
microscopy (SEM) on a JEOL JSM 6700F instrument under a
voltage of 19 keV. Backscattered electron detection mode was
used to increase the contrast between AgNWs and the
poly(epoxy) matrix. The edge cut was obtained by breaking at
room temperature due to the speciﬁc rigidity of the matrix.
Differential Scanning Calorimetry
The thermal stability of the matrix was evaluated by TGA at the
isotherm 280 C. The relative degree of conversion and the poly-
merization kinetics are determined by differential scanning calo-
rimetry (DSC) on a DSC 2920 (Thermal Analysis Instruments)
for different thermal processing. The sample weight is about
10 mg which are placed into aluminum pans. Two types of ana-
lyses were carried out: isothermal and dynamic experiment. For
the last one, samples were prepared and heated at a temperature
between 30 and 60 C. They were removed every 30 min. Then,
the crosslinking enthalpy was evaluated from 20 to 280 C at a
heating rate of 20 C min−1 under helium atmosphere. The rela-
tive degree of reaction α is determined with eq. (1):
α¼ΔHt¼0−ΔHt
ΔHt¼0
ð1Þ
with α the relative degree of reaction, ΔHt = 0 the initial crosslink-
ing enthalpy value and ΔHt the crosslinking enthalpy value at a
speciﬁc time t.
The isothermal analyses permitted us to determine the polymeri-
zation kinetic as a function of the conversion degree. Then, the
experimental results were ﬁtted with the following autocatalytic
model.29,30
dα
dt
¼ dH=dt
ΔHt¼0
ð2Þ
dα
dt
¼ kαm αmax−αð Þn ð3Þ
where dα/dt is the cure kinetic, the m and n parameters are par-
tials order of reaction, which are temperature independent, k is a
rate constant which depends on temperature by an Arrhenius law
and αmax is the maximum degree of the reaction for the experi-
mental temperature (from 30 to 60 C).
Electrical Conductivity
The surface and bulk conductivity measurements were performed
with a Keithley 2420 Multimeter and a dynamic dielectric spec-
trometer BDS 4000 (Novocontrol, Germany) for the lowest levels of
conductivity (impedance sample Z > 10 Ω). Surface conductivity is
determined following the ASTM Standard D4496-87 on a thin
coating (between 50 and 100 μm) applied on CFRP substrate by a
pneumatic spraying method. Volume conductivity is obtained by
using discs 40 mm in diameter and about 500 μm thick.
Electrical measurements performed with the multimeter were
obtained by a four wires method to decrease the inﬂuence of the
current on the voltage measurement.
The lowest conductivities are determined by dielectric spectros-
copy at room temperature in the frequency range of 10−2–
106 Hz. In a disordered matrix, the real part of the electrical con-
ductivity depends on the frequency following Jonscher’s universal
dielectric relaxation law:
σ0 ωð Þ¼ σDC +Aωs
where σ
0
(ω) is the real part of the conductivity, σDC is the static
conductivity, A is a constant depending on the temperature, ω is
the angular frequency, and s is an exponent between 0 and 1 with
a double dependency, temperature, and frequency. In this conﬁg-
uration, the sample is inserted between two 40 mm gold plated
electrodes.
RESULTS AND DISCUSSION
Nanowires Dispersion in the Matrix
AgNWs dispersion in the polymeric matrix was observed with a
SEM. Surface observation [Figure 1(a)] and transversal observa-
tion of the edge cut [Figure 1(b)] show a homogenous dispersion,
a slight orientation of the AgNWs due to the process and a pres-
ervation of the high aspect ratio after spraying process. The
thickness of the nanocomposite coating is about 50 μm.
Calorimetric Study of the Neat Matrix
The poly(epoxy) is obtained by mixing the epoxide resin and
amine hardener. Commercial stoichiometric proportion between
the resin and the hardener is 79/21. In this work, the proportion
chosen is 75/25, with an excess of the hardener due to its solu-
bility with the solvents used, acetone and ethanol. During the
spraying process, a slight quantity of hardener is evaporated. To
obtain an optimal crosslinking, an excess of hardener is
necessary.
Calorimetric Method and Stoichiometric Ratio Inﬂuence. A
study was carried out to determine the system’s physical parame-
ters like glass-transition temperature (Tg) or crosslinking
enthalpy as a function of the stoichiometric ratio.
Figure 2 represents the thermogram before and after polymeri-
zation. The resin glass-transition temperature is around −45 C,
the polymerization starts around 80 C with a maximum at 130
C. Table I shows the inﬂuence of the stoichiometric ratio. Tg is
slightly lower for the 75/25 than for 79/21 ratio, due to a faster
gelation of the 3D network. The sequences quantities which
have not reacted are higher with an excess of hardener.
Dynamic DSC experiments were carried out to determine the
conversion degree for different thermal environments between
30 and 60 C.
Figure 3 shows the inﬂuence of the stoichiometric ratio on the
relative degree of reaction in dynamic experiment. An excess
hardener is responsible for a decrease about 9% of the maximum
relative degree of reaction for the different temperatures: it is the
consequence of a faster 3D network formation with a high quan-
tity of unreacted sequences; associated with a mobility decrease
due to the gelation.
A similar study was carried out during isothermal measurement to
compare these two methods (Figure 4). Overall, the maximum of
conversion degree is similar. However, there is a modiﬁcation of the
thermal behavior between dynamic and isothermal studies. At 40 C
for the same duration, the relative degree of reaction α is higher for
dynamic measurement. This difference is due to the formation of a
catalyzer at a temperature higher than 40 C; that is, hydroxyl
group. Riccardi et al.31 and Horie et al.32 observed this phenomenon,
which is the characteristic of an autocatalytic reaction.
Kinetic Study of Polymerization. The reaction kinetic was deter-
mined by isothermal DSC to obtain the normalized heat ﬂow as
a function of time, at the beginning of the reaction. The reaction
kinetic was obtained thanks to eq. (2). The autocatalytic model,
eq. (3), and the experimental curve dα/dt = f(α) (Figure 5), allow
us to determine k, m, and n values (Table II).
The kinetic parameter values reported in Table II show complex
behaviors with temperature. k increases and follows an Arrhenius
law.29,33 m and n are not dependent on the temperature. Their
evolution describes the physical and chemical behavior of the
matrix during the polymerization. m describes the beginning of
the autocatalytic reaction. The autocatalytic reaction occurs
quickly when m reach to 0. Our data do not indicate an evolution
of this parameter; that may be attributed to the low temperature
of the isothermal experiments and the poor quantity of hydroxyl
group catalyzer formed.
Figure 1. SEM images of poly(epoxy)/Ag 2%vol AgNWs: (a) surface and
(b) edge cut of coating.
Figure 2. DSC thermograms of uncured and cured poly(epoxy) for two
stoichiometric ratios.
The n parameter is linked to the system gelation. It describes the
transition between the autocatalytic phenomenon and the diffu-
sion.32,34 When n is above 1, the kinetic reaction and the
sequences mobility decrease quickly, and the amount of crosslink
is constant. Our experimental data conﬁrm this behavior: for the
highest temperatures, n is above 1. The 3D network formation
was accelerated by the temperature and the diffusion phenome-
non occurs early. It can be observed in Figure 5 that it is consis-
tent with in other study.35 Figure 5 shows the inﬂuence of the
stoichiometric ratio on the reaction kinetics. A hardener excess
induces a slight increase of the kinetic reactions for the different
temperatures.
Calorimetric Study of Silver Nanocomposites
A preliminary experiment was carried out to check that solvents
used to adjust the viscosity during the spraying process do not
modify the polymerization enthalpy. It was carried out with three
conﬁgurations. The ﬁrst one is the pristine epoxide resin, the sec-
ond one is the resin after being put into a furnace at 100 C for
20 min, and the last one is the epoxide resin mixed with ethanol
(0.3 mL) which was then evaporated under the same conditions.
The hardener was added after a cooling at room temperature.
Thermograms do not show any noteworthy modiﬁcation after
these treatments, the average enthalpy is about 360 J g−1
(20 J g−1).
Inﬂuence of the AgNWs. The inﬂuence of AgNWs was evalu-
ated with 1% in volume ﬁller ratio (8.8% in weight). Above this
value, the mixture becomes too viscous to incorporate properly
the hardener, and the enthalpy determination was not repeatable.
The stoichiometric ratio is 75/25.
The polymerization enthalpy of the matrix ﬁlled with AgNWs is
lower than the neat polymer (Table III). This difference may be
attributed to a sterical hindrance between the AgNWs and the
2,2-bis(4-hydroxyphenyl) propane of the DGEBA. The chains
mobility is reduced and the quantity of crosslinks formed during
polymerization is less important. The Tg0 and Tg values vary in
the same way; there is a slight decrease of their value for this ﬁller
content. These differences can be explained by a better thermal
Table I. Thermal Characteristics of the Poly(epoxy) for Two Stoichiometric Ratios (Uncertainties Are Added)
Stoichiometric
ratio Heating
Tg0
(C)
ΔHt = 0
(J g−1)
Tg
(C)
ΔCp
(J g−1 K−1)
79/21 First −45.2 269 / 0.69
(0.1) (17) (0.01)
Second / / 174 0.31
(2) (0.02)
75/25 First −47.8 370 / 0.65
(0.1) (30) (0.01)
Second / / 163 0.43
(1) (0.01)
Figure 4. Relative degree of reaction as a function of time for two stoichio-
metric ratios obtained with the isothermal experiment.
Figure 3. Relative degree of reaction as a function of time for two stoichio-
metric ratios obtained with the dynamic experiment.
conductivity. For Tg0, that allows lower temperature of chains
mobility. For Tg, the higher thermal conductivity could increase
the polymerization kinetic and imply more unreacted products in
3D network, in addition of steric hindrance which leads to a
decrease of the conversion degree (Figure 6). As observed with
the variation of the stoichiometric ratio (3:2:1), there is a modiﬁ-
cation of the thermal behavior between dynamic and isothermal
studies with matrix ﬁlled with the AgNWs at around 40 C. It is
still attributed to the formation of the hydroxyl group during the
dynamic analyses.
Kinetic Study of the Composite Poly(epoxy)/AgNWs. The
inﬂuence of the AgNWs on the kinetic was determined by iso-
thermal DSC, results were reported in Table IV and Figure 7.
Metallic ﬁllers modify k parameter. It increases with temperature,
but its values are lower for composite (1% in volume of AgNWs).
It is associated with a modiﬁcation of the thermal conductivity.
Linear regression of the Arrhenius equation has permitted to
obtain the activation energy for the polymerization reaction.
Values are reported below for the neat epoxy and the composite:
EA(0% vol) ≈ 63 kJ mol−1 versus EA(1% vol) ≈ 56 kJ mol−1. Such
behavior has been observed for an epoxy composite ﬁlled with
CNTs.36
The composite does not need as much energy for the polymeriza-
tion reaction. The increase of thermal conductivity with AgNWs
has been already observed for some matrices.37,38
The variation of the m parameter is more pronounced. The ther-
mal conductivity enhancement by the AgNWs could explain the
early starting of the autocatalytic reaction. A shift to lower values
for the matrix ﬁlled with the AgNWs is observed. Unlike the
experiments with the stoichiometric ratios, n seems to decrease
with the temperature increase.39 For the lowest temperatures, the
high viscosity of the mixing and the steric hindrance cause a
Figure 5. Kinetic of reaction as a function of the relative degree of reaction
at different temperatures for two stoichiometric ratios.
Table II. Kinetic Parameters at Different Temperatures for Two Stoichio-
metric Ratios (Uncertainties Are Added)
Stoichiometric ratio T (C) k m n
75/25 30 0.0052 0.352 0.814
(0.0002) (0.002) (0.003)
40 0.0063 0.424 0.808
(0.0002) (0.002) (0.002)
50 0.0123 0.291 1.010
(0.0002) (0.003) (0.005)
60 0.0268 0.403 1.320
(0.0002) (0.005) (0.004)
79/21 30 0.0055 0.366 0.812
(0.0004) (0.003) (0.003)
40 0.0047 0.274 0.598
(0.0004) (0.005) (0.004)
50 0.0109 0.291 0.975
(0.0002) (0.002) (0.004)
60 0.0259 0.401 1.340
(0.0002) (0.003) (0.003)
Table III. Thermal Characteristics of the Matrix for Two Filler Ratios (Uncertainties Are Added). For 1% Filler Content, Enthalpy Value Was Normalized
to the Polymer Content
Filler content AgNWs Heating Tg0 (C) ΔHt = 0 (J g−1) Tg (C) ΔCp (J g−1 K−1)
0% First −47.8 370 / 0.65
(0.1) (30) (0.01)
Second / / 163 0.43
(1) (0.01)
1% First −53.6 313 / 0.72
(0.2) (14) (0.04)
Second / 156 0.44
(1) (0.01)
decrease of the sequences mobility. For the highest temperatures,
the viscosity decreases but the steric hindrance is the same, the
sequences mobility is higher and the diffusion phenomenon
occurs later.
Figure 7 shows the inﬂuence of AgNWs on the polymerization
kinetic. Metallic ﬁllers are responsible for the kinetic increase,
and the early starting of the autocatalytic reaction. We also
observe a modiﬁcation of the thermal transition between autocat-
alytic and diffusion phenomena.
Electrical Measurements
Bulk Conductivity. Bulk conductivity measurements are illus-
trated in Figure 8. The neat poly(epoxy) conductivity is around
10−12 S m−1. With AgNWs dispersion, the value above the perco-
lation threshold is close to 4.102 S m−1 for 8% in volume. It is in
agreement with the literature for a random dispersion of silver
ﬁllers.17,24,25,37,38 The percolation threshold obtained is around
0.7% in volume. The threshold value is higher than the theoreti-
cal value40 (0.3% in volume). The formation of bundles might
explain the gap. Thanks to experimental value, the apparent
aspect ratio is calculated near ξ = 100 which is not close to the
mean value25 obtained by electronic microscopic observations
(experimental value ξexp = 220).
Kamal and Sourour 29 have modiﬁed Balberg et al.’s formal-
ism41,42 (eq. (7)) to include the formation of aggregates into the
percolating cluster (eq. (8)).
Vex¼ 323 πr
3 + 8πLr2 + 4L2r sinθh i ð4Þ
With total excluded volume Vex, L is the stick length, r is the
stick radius, θ is the angle between two sticks, and hsinθi is the
sine mean value of each angle θ between charges network intro-
duced in the matrix.
Vex¼ πL2r¼ Lr Vstick ð5Þ
Vstick is the volume of one stick.
ξ¼ L
D
)Vex ¼ Lr VstickNc¼
L
r
pc¼ 2: LDpc¼ 2ξpc¼ 1:41 ð6Þ
With ξ is the aspect ratio of the stick, Nc is the critical concentra-
tion, the site percolation critical occupation probability pc, and D
is the diameter of the stick.
Table IV. Kinetic Parameters at Different Temperatures for Two Filler
Ratios (Uncertainties Are Added)
Filler ratio T (C) k m n
0% 30 0.0052 0.352 0.814
(0.0002) (0.002) (0.003)
40 0.0063 0.424 0.808
(0.0002) (0.002) (0.002)
50 0.0123 0.291 1.010
(0.0002) (0.003) (0.005)
60 0.0268 0.403 1.320
(0.0002) (0.005) (0.004)
1% 30 0.0081 0.500 1.20
(0.0004) (0.003) (0.01)
40 0.0060 0.270 0.853
(0.0002) (0.004) (0.002)
50 0.0103 0.062 0.817
(0.0002) (0.003) (0.003)
60 0.0199 0.131 1.050
(0.0003) (0.003) (0.002)
Figure 6. Relative degree of reaction as a function of time for two ﬁller
ratios at different temperatures obtained with the dynamic method.
Figure 7. Kinetic of reaction as a function of the relative degree of reaction
at different temperatures for two ﬁller ratios.
ξpc≈0:7 ð7Þ
ξpc≈0:7
ﬃﬃﬃ
n
p ð8Þ
With n the number of sticks that are included into the aggregate.
Finally, n = 5 is found. The aggregates are formed by ﬁve sticks.
The apparent aspect ratio is lower than the model prediction due
to the process which implies the formation of some aggregates
during the stirring or the spraying of the mixing.
Above the percolation threshold, the electrical behavior is
described by the following power law model proposed by Stauffer
and Aharony [eq. (9)].43
σ¼ σ0 p−pcð Þt ð9Þ
With σ0 conductivity of a sample ﬁlled with 100% of AgNWs
(we can assume this value to the electrical conductivity of a bun-
dle of AgNWs pressed), p is the ﬁller volume ratio, pc is the ﬁller
ratio at percolation threshold, and t is the critical exponent
related to the dimensionality d of the system. t varies from 1.1 to
1.3 for d = 2, and between 1.6 and 2 for d = 3.43 Critical expo-
nent t has been determined (inset Figure 8) and is equal to
2.2  0.1. This value is slightly higher than predicted by Stauf-
fer’s model for a 3D dispersion. It has been associated with the
presence of aggregates. Cortes et al.25 have found a close value
for composites PEKK/AgNWs.
Surface Resistivity. The surface resistivity was measured for
coatings ﬁlled with 0–8% in volume of AgNWs. The lowest value
of resistivity is about 13 mΩ sq−1 for 8% in volume (Figure 9).
The percolation threshold is about 1%.
This percolation threshold value is lower than the one obtained
by Balberg’s model for 2D percolation threshold40,41 [eq. (16)].
Astick ¼ π:D2 +DL ð10Þ
Astick is the stick area, D is the stick diameter, and L is the stick
length.
Aex¼ 4DL+ πD2 + L2θ
 2
: 4θ−2sin 2θð Þð Þ ð11Þ
Aex is the total excluded area and θ is the angle between two
sticks.
Isotropic orientation θ¼ π
2
)Aex θ¼ π2
 
¼ 4DL+ πD2 + 2L
2
π
ð12Þ
ξ¼ L
D
)Aex θ¼ π2
 
¼ 4D2ξ+ πD2 + 2D
2ξ2
π
 
ð13Þ
ξ is the aspect ratio of the stick.
Aex
Astick
¼
4D2ξ+ πD2 + 2D
2ξ2
π
 
π:D2 +DL
¼ 4ξ+ π+
2ξ2
π
ξ+ π
ð14Þ
WhenLD) ξ 1 Aex
Astick
¼ 2ξ
π
ð15Þ
Aex:Nc¼Aexc ,Astick:Nc¼Astickc et pc¼ 1−e−Astickc ≈Astickc
Aexc ¼ 3:57) 3:57¼
2ξ
π
pc) pc≈ 5:61
ξ
ð16Þ
Aexc is the critical total excluded area, Astickc is the critical area of
a stick, Nc is the critical concentration and the site percolation
critical occupation probability pc.
With experimental value of the percolation threshold and
eq. (16), the apparent aspect ratio is equal to ξ = 600, which is
not close to our experimental value of AgNWs (ξexp = 220).25
Figure 8. Bulk conductivity as a function of AgNWs % in vol. and bulk
conductivity ﬁt. Inset: Ln(σbulk) as a function of Ln(p-pc). Solid line is the
linear ﬁt for bulk conductivity.
Figure 9. Surface resistivity as a function of AgNWs % in vol. and surface
resistivity ﬁt. Inset: Ln(σsurface) as a function of Ln(p-pc). Solid line is the
linear ﬁt for surface conductivity.
The discrepancy between these two values could be explained by
the orientation of some ﬁllers [Figure 1(b)]. This hypothesis is
conﬁrmed by the Stauffer coefﬁcient around 2.3  0.1, classically
close to 1.2 for a two-dimensional system.
Introduction of AgNWs in poly(epoxy) matrix permits to obtain
a large decrease of surface resistivity, about 12 decades for 5% in
volume of AgNWs. Current coatings based on silver ﬂakes ﬁllers
obtain an equivalent electrical resistivity value.44 However, their
low aspect ratio, around 15,45 induces a higher percolation
threshold, about 20% in volume. This very important ﬁllers con-
tent implies lower mechanical properties.
CONCLUSIONS
The inﬂuence of AgNWs on thermal and electrical behaviors of a
poly(epoxy) coating system was studied. The SEM observations
have permitted to show a homogenous dispersion, with a slight
orientation due to the spray processing. The AgNWs’ aspect ratio
is maintained. The inﬂuence of the stoichiometric ratio
(i.e., 79/21 or 75/25) was studied by dynamic and isothermal
calorimetric techniques. A hardener excess causes a decrease
about 9% of the maximum relative degree of reaction. It can be
explained by a fast increase of the matrix viscosity and a
sequences mobility decrease. For low temperatures isotherms
(≤40 C), the reaction kinetic is slower than in dynamic mode
due to the reaction type, that is, autocatalytic. There is not
enough energy to create a large quantity of catalyzer, that is,
hydroxyl group.
The AgNWs introduction causes a decrease of the relative degree
of reaction due to the steric hindrance. AgNWs increase the ther-
mal conductivity and the reaction kinetic. The activation energy
of the crosslinking reaction decreases.
Electrical experiments highlight the interest of AgNWs introduc-
tion in polymer coating. AgNWs decrease the surface resistivity
by 12 decades, up to 13 mΩ sq−1. As far as we know, it is the
lowest value for coating with very low ﬁller content, more than
twice lighter than classical commercial coatings for lightning
strike protection. AgNWs increase the bulk conductivity by
14 decades, up to 4 × 102 S m−1. The AgNWs aspect ratio per-
mits to obtain a percolation threshold with a very low quantity of
ﬁllers, 1% in surface and 0.7% in volume. This coating has a great
interest for a lightning strike protection of aircrafts thanks to its
high electrical conductivity for low ﬁller ratio.
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